Introduction
Based on current trends, by the year 2020 non-communicable chronic diseases are expected to account for 70% of deaths and 60% of the disease burden (World Health Organisation). In Denmark, physical inactivity is considered the number two actual cause of death (Bronnum-Hansen et al., 2007) and the Centers for Disease Control and Prevention have designated physical inactivity as an actual cause of chronic disease (Mokdad et al., 2004) .
On average, physically inactive people have a life span that is 5 years shorter than that of physically active people. Moreover, the expected lifetime without long-standing illness is reduced by approximately 8 years in physically inactive people (BronnumHansen et al., 2007) .
The diseasome of physical inactivity
Physical inactivity increases the risk of type 2 diabetes (Tuomilehto et al., 2001) , cardiovascular disease (CVD) (Nocon et al., 2008) , colon cancer (Wolin et al., 2009) , postmenopausal breast cancer (Monninkhof et al., 2007) , dementia (Rovio et al., 2005) and depression (Paffenbarger et al., 1994) . These are all frequent chronic diseases, associated with an enhanced risk of premature morbidity. It is well established that patients with type 2 diabetes have a markedly increased risk of CVD (Diamant and Tushuizen, 2006 ), Alzheimer's disease and vascular dementia, and individuals with type 2 diabetes also have a high prevalence of affective illness, including major depression (reviewed in Komulainen et al., 2008) . In addition, patients with type 2 diabetes have an elevated risk of developing colon and breast cancer, as well as pancreatic, liver and endometrial cancer (Richardson and Pollack, 2005) . We have recently suggested that type 2 diabetes, CVD, colon cancer, breast cancer, dementia and depression constitute a cluster of diseases, which defines a 'diseasome of physical inactivity' (Pedersen, 2009b) (Fig.1 ).
The diseasome of physical inactivity represents diseases with highly different phenotypical presentations, but that share important pathogenetic mechanisms. Clearly, independently of body mass index (BMI), physical inactivity is a risk factor for all-cause mortality (Pedersen, 2007a) . It is a striking feature that chronic systemic inflammation is associated with physical inactivity independent of obesity . I suggest that physical inactivity leads to the accumulation of visceral fat and consequently the activation of a network of inflammatory pathways, which promote the development of insulin resistance, atherosclerosis, neurodegenation and tumour growth, and thereby the development of the diseases belonging to the diseasome of physical inactivity (Fig.2 ).
Evidence exists that visceral fat is more inflamed than subcutaneous fat and constitutes an important source of systemic inflammation (Yudkin, 2007) , and an association has been established between physical inactivity and low-grade systemic inflammation in healthy, young individuals . These findings would be compatible with the notion that physical inactivity causes accumulation of visceral fat, which precedes chronic systemic inflammation. Chronic inflammation promotes the development of insulin resistance, atherosclerosis, neurodegenation and tumour growth (Handschin and Spiegelman, 2008) , and thereby the development of the diseases belonging to the diseasome of physical inactivity.
It is also well known that physical inactivity and poor physical fitness, independently of BMI, are associated with an increased risk of CVD, type 2 diabetes, dementia and premature mortality from all causes (Pedersen, 2009b) . Thus, the health consequences of abdominal adiposity and physical inactivity are similar and support our overall idea that physical inactivity may be an important and independent player in the development of abdominal adiposity.
We recently conducted a study of physical inactivity that certainly points at a direct link between physical inactivity and accumulation of visceral fat. A group of young healthy men decreased their daily stepping for 2 weeks to 1500 steps from the range of around 10,000 recommended for adults. The 2 week period induced a 7% decline in V O2max (mlmin -1 ; cardiovascular fitness) and a markedly impaired glucose tolerance as well as attenuation of postprandial lipid metabolism. The intervention was associated with a 7% increase in intra-abdominal fat mass, measured by magnetic resonance (MR)-scanning, without a change in total fat mass, while total fat-free mass and BMI decreased (Olsen et al., 2008) (Fig.3) . A follow-up study revealed that the volunteers developed a marked decline in peripheral insulin sensitivity accompanied by a decrease in the insulin-stimulated ratio of pAkt Thr308 /total Akt after step reduction, without an effect on hepatic endogenous glucose production (Rasmussen et al., 2010) .
Association between physical inactivity and impaired cognitive function; what is known?
The ability of the brain to adapt to a new situation or environment, or the consequences of an injury is often referred to as brain plasticity (Hillman et al., 2008) . Physical exercise, as indexed by cardiovascular fitness, is a factor that strongly affects brain plasticity.
In rodents, physical exercise improves memory function and structural parameters such as synapse density, neuronal complexity and hippocampal neurogenesis (Eadie et al., 2005; Stranahan et al., 2007; van Praag et al., 1999; Wu et al., 2008) . In the injured brain, exercise induces neuroprotection in animal models of stroke (Hayes et al., 2008) , traumatic brain injury (Griesbach et al., 2007 ) and Parkinson's disease (Yoon et al., 2007) . Voluntary running significantly restores the neural stem cell pool, hippocampal neurogenesis and behavioural deficits following a clinically relevant, moderate dose of irradiation (Naylor et al., 2008) . These experimental studies indicate the importance of physical exercise for cognitive performance.
Positive cognitive effects of exercise have also been demonstrated in humans. Higher levels of cardiovascular fitness are associated with increased hippocampal volume as well as better memory function (Erickson et al., 2009) . Moreover, a recent study measured hippocampus size in response to 12 weeks of aerobic training in patients with schizophrenia and in healthy controls. Following exercise training, relative hippocampal volume increased significantly in patients (12%) and healthy subjects (16%), with no change in the non-exercise group of patients (-1%) (Pajonk et al., 2010) .
Several meta-analyses demonstrate a positive association between cardiovascular (or 'aerobic') fitness and cognitive performance in elderly subjects (Angevaren et al., 2008; Colcombe and Kramer, 2003; Etnier et al., 2006; Heyn et al., 2004) . Physical activity during midlife appears to protect against dementia or cognitive decline and to improve cognitive performance in old adults with memory impairment (Rovio et al., 2005; Sun et al., 2010; Etgen et al., 2010a; Etgen et al., 2010b; Liu-Ambrose et al., 2010; Andel et al., 2008; Lautenschlager et al., 2008) . At the other end of the age spectrum, physical activity and academic achievement display a positive correlation, as indicated by meta-analysis of smaller cohort studies of school children (Sibley and Etnier, 2003) . However, the relationship between physical exercise and neurocognitive function in young adults is less clear. Acutely, physical exercise seems to have little effect on memory and cognition; executive function processes involved in working memory remain unaltered, although aspects of delayed long-term memory do improve (Coles and Tomporowski, 2008; Tomporowski, 2003) . Long-term physical exercise appears to have a slight effect on reaction time in young people (Sherwood and Selder, 1979) . Based on a small sample size, an 8 week training programme resulted in improved reaction time and executive function (Hansen et al., 2004; Hascelik et al., 1989) . Previous studies have found changes in brain parenchyma following exercise. This has been demonstrated especially in the hippocampus, where exercise-induced increases in cerebral blood volume (CBV) have been shown to be associated with neurogenesis and vascularisation (Pajonk et al., 2010; Pereira et al., 2007) . An association between cardiorespiratory fitness and performance in a cognitive attention task has also been demonstrated (Colcombe et al., 2004) .
Diseasome of physical inactivity -summary
There are indications in the literature that physical inactivity is an independent cause of abdominal adiposity and a contributing factor to cognitive decline. It is possible that physical inactivity leads to the accumulation of visceral fat and consequently the activation of a network of inflammatory pathways, which not only promote the development of insulin resistance and atherosclerosis but also lead to neurodegeneration and thereby the development of cognitive impairment (Pedersen, 2009b Our global hypothesis is that myokines play a role in protection against the diseasome of physical inactivity. One decade ago we identified a humoral factor (a cytokine) that was produced and released from contracting muscle cells and appeared to have major metabolic effects. Given that skeletal muscle is the largest organ in the human body, our discovery of contracting muscle as a cytokineproducing organ revealed a whole new paradigm: skeletal muscle is an endocrine organ, which by secretion of hormone-like factors may influence metabolism in tissues and organs. In continuation, we suggested that cytokines and other peptides that are produced, expressed and released by muscle fibres and exert autocrine, paracrine or endocrine effects should be classified as 'myokines' (Pedersen and Febbraio, 2008) . Adipose tissue has been regarded as the major source of cytokines (adipokines) -however, the finding that muscles produce and release cytokines (myokines) suggests that working skeletal muscle in addition to adipose tissue may be a major source of secreted molecules. Myokines provide a conceptual basis to explain how muscles communicate to other organs. Thus, our overall idea is that contracting skeletal muscles release myokines, which work in a hormone-like fashion, exerting specific endocrine effects on other organs or which work locally via paracrine mechanisms.
For half a century, researchers sought a link between muscle contraction and changes in peripheral organs in the form of an 'exercise factor', which could be released from skeletal muscle during contraction and mediate some of the exercise-induced metabolic changes in other organs such as the liver and the adipose tissue. The idea that signalling pathways from contracting muscles to other organs are not solely mediated via the nervous system was supported by findings from electrical stimulation of paralysed muscles in spinal cord-injured patients (Kjaer et al., 1996) .
It was obvious that one or more muscle-derived humoral factors existed. For lack of more exact knowledge, these humoral factors were called the 'work stimulus' or the 'work factor'. In this context, our identification of muscle as a cytokine-producing organ was a breakthrough. In the year 2000, it became clear that contracting human skeletal muscle releases significant amounts of interleukin (IL)-6 into the circulation during prolonged single-limb exercise (Steensberg et al., 2000) . Research during subsequent years highlighted the fact that muscle-derived IL-6 is an important player in metabolism (Pedersen and Febbraio, 2008) . Today, it appears that skeletal muscle has the capacity to express several myokines (Pedersen and Febbraio, 2008) . Thus, although the idea of an exercise factor can be traced back many years, our identification of muscle as a myokine-producing organ opens a whole new field of research.
IL-6 -the myokine prototype
Exercise and plasma-IL-6
The increase in the plasma concentration of IL-6 during exercise has been a consistent finding (Pedersen and Febbraio, 2008) . This is followed by the appearance of IL-1 receptor antagonist (IL-1ra) and the anti-inflammatory cytokine IL-10. Concentrations of the chemokines, IL-8, macrophage inflammatory protein 1a (MIP-1a) and MIP-1b are elevated after strenuous exercise. Of note, the cytokine response to exercise and sepsis differs with regard to tumour necrosis factor (TNF)-a. Thus, the cytokine response to exercise is not preceded by an increase in plasma TNF-a. Even though there may be a moderate increase in the systemic concentration of these cytokines, the underlying fact is that the appearance of IL-6 in the circulation is by far the most marked and precedes that of the other cytokines (Pedersen and Febbraio, 2008 ). It appears that, unlike IL-6 signalling in macrophages, which seems to be dependent upon the activation of the nuclear factor  light chain enhancer of activated B cells (NFB) signalling pathway, intramuscular IL-6 expression is regulated by a network of signalling cascades that among other pathways are likely to involve crosstalk between the Ca 2+ /nuclear factor of activated T-cells (NFAT) and glycogen/p38 mitogen-activated protein kinase (MAPK) pathways. Thus, when IL-6 is produced by macrophages, it leads to an inflammatory response, whereas muscle cells produce and release IL-6 without activating classical pro-inflammatory pathways. The fact that IL-6 can sometimes act as a pro-inflammatory and sometimes as an anti-inflammatory agent appears to be more dependent on the environment (muscle versus immune cell) than on whether IL-6 is activated in an acute or chronic fashion (Pedersen and Febbraio, 2008) .
Exercise-induced plasma IL-6 concentrations increase in an almost exponential manner. The peak IL-6 level is reached at the end of the exercise or shortly thereafter, followed by a rapid decrease towards pre-exercise levels. The basal plasma IL-6 concentration may increase up to 100-fold after exercise . As IL-6 is a classical inflammatory cytokine it was initially thought that the IL-6 response was related to muscle damage. However, it has become evident that muscle damage is not required in order to increase plasma IL-6 during exercise. Rather, eccentric exercise may result in a delayed peak and a slower decrease of plasma IL-6 during recovery (Pedersen and Febbraio, 2008) .
Contracting skeletal muscle per se is the main source of the IL-6 in the circulation in response to exercise. In resting human skeletal muscle, the IL-6 mRNA content is very low, while small amounts of IL-6 protein, predominantly in type I fibres, may be detected using sensitive immunohistochemical methods . We found that an increase in the IL-6 mRNA content is detectable in the contracting skeletal muscle after 30min of exercise, and up to 100-fold increases in the IL-6 mRNA content may be present at the end of the exercise bout (Keller et al., 2001; Steensberg et al., 2002) . By obtaining arterial-femoral venous differences over an exercising leg, we found that exercising limbs released IL-6. In an attempt to determine which cells produce the IL-6, Keller and colleagues isolated nuclei from muscle biopsies obtained before, during and after exercise (Keller et al., 2001) . Using RT-PCR, these authors demonstrated that the nuclear transcription rate for IL-6 increases rapidly and markedly after the onset of exercise. This suggested that a factor associated with contraction increases IL-6 transcription rate, probably in the nuclei from myocytes, given the observation that IL-6 protein is expressed within muscle fibres (Malm et al., 2000) . Further evidence that contracting muscle fibres themselves are a source of IL-6 mRNA and protein has been obtained by analysis of biopsies from human vastus lateralis using in situ hybridisation and immunohistochemistry (Hiscock et al., 2004; Penkowa et al., 2003) . Contracting skeletal muscles may account for most of the IL-6 found in the circulation, although other studies have demonstrated that skeletal muscle is not the sole source of exercise-induced IL-6. Other sources of IL-6 include connective tissue (Langberg et al., 2002) , the brain (Nybo et al., 2002) and adipose tissue Lyngso et al., 2002) .
Muscle-derived IL-6, muscle glycogen and carbohydrate ingestion
By manipulating muscle glycogen content, both intramuscular IL-6 mRNA expression (Keller et al., 2001 ) and protein release ) are exacerbated when intramuscular glycogen is compromised, suggesting that IL-6 works as an energy sensor. In addition, a number of studies show that glucose ingestion during exercise attenuates the exercise-induced increase in plasma IL-6 (Pedersen and Febbraio, 2008) and totally inhibits IL-6 release from contracting skeletal muscle in humans .
IL-6 and AMP-activated protein kinase
Transcriptional events play a pivotal role in the metabolic adaptations of skeletal muscle. The expression of genes essential for skeletal muscle glucose and lipid metabolism is tightly coordinated in support of a shift in substrate utilisation. AMPactivated protein kinase (AMPK) regulates skeletal muscle metabolic gene expression programmes in response to changes in energy status (Long and Zierath, 2008) . While AMPK may influence the transcription of metabolic genes, AMPK exerts most of its effects via its role as a protein kinase, regulating the activity of key metabolic enzymes by phosphorylation. Acute treatment of muscle cells with IL-6 increased both basal glucose uptake and translocation of the glucose transporter GLUT4 from intracellular compartments to the plasma membrane (Carey et al., 2006) . Moreover, IL-6 increased insulin-stimulated glucose uptake in vitro, while infusion of recombinant human IL-6 into healthy humans during a hyperinsulinaemic, euglycaemic clamp increased the glucose infusion rate without affecting the total suppression of endogenous glucose production (Carey et al., 2006) . The effects of IL-6 on glucose uptake in vitro appeared to be mediated by activation of AMPK, as the results were abolished in cells infected with an AMPK dominant negative adenovirus (Carey et al., 2006) . Apart from the effects of IL-6 on glucose metabolism, several studies have reported that IL-6 may increase intramyocellular (Bruce and Dyck, 2004; Carey et al., 2006) or whole-body (van Hall et al., 2003) fatty acid oxidation. This effect may to some extent be mediated by AMPK (Kahn et al., 2005; Carey et al., 2006) . A recent study suggests that IL-6 activates AMPK in skeletal muscle by increasing the concentration of cAMP and, secondarily, the AMP:ATP ratio (Kelly et al., 2009) . Work from several groups (Minokoshi et al., 2002; Watt et al., 2006; Steinberg et al., 2003) has demonstrated that leptin may activate AMPK in peripheral tissues such as skeletal muscle. Thus, it appears that IL-6 acutely mediates signalling through the glycoprotein 130 (gp130) receptor and exhibits many 'leptin-like' actions such as activating AMPK and insulin signalling (Steinberg et al., 2009) . Although most studies point to an effect of IL-6 on AMPK, Glund and colleagues provided evidence that AMPK-dependent pathways regulate IL-6 release from isolated oxidative skeletal muscle (Glund et al., 2009) .
A number of studies both in vitro (Rotter et al., 2003; Lagathu et al., 2003; Senn et al., 2002; Senn et al., 2003) and in rodents in vivo Klover et al., 2005; Kim et al., 2004) demonstrate that IL-6 is capable of inducing insulin resistance. In the rodent studies, IL-6 seems to induce insulin resistance via adverse effects on the liver. The IL-6-induced insulin resistance appears to be due to an increase in suppressor of cytokine signalling 3 (SOCS-3) expression (Senn et al., 2003) , as SOCS-3 may directly inhibit the insulin receptor (Ueki et al., 2004) . However, it is quite clear that in healthy skeletal muscle, and not least in humans, the IL-6-induced activation of AMPK overrides the IL-6-induced activation of SOCS-3. Of note, IL-6 knockout mice develop mature onset obesity and glucose intolerance (Wallenius et al., 2002) , supporting the notion that IL-6 may exert beneficial effects on metabolism; however, even this observation is unclear (Di Gregorio et al., 2004) .
The anti-inflammatory effects of exercise and IL-6
Systemic low-level inflammation is defined as 2-to 4-fold elevations in circulating levels of pro-inflammatory and anti-inflammatory cytokines, naturally occurring cytokine antagonists, and acute-phase proteins, as well as minor increases in counts of neutrophils and natural killer cells Bruunsgaard et al., 2003b; Bruunsgaard et al., 1999) . A number of recent of papers have documented that self-reported physical activity or physical performance is correlated inversely with systemic low-level inflammation, suggesting that the anti-inflammatory activity induced by regular exercise may exert some of the beneficial health effects of exercise in patients with chronic diseases (reviewed in Wilund, 2007; Petersen and Pedersen, 2006; Pedersen, 2006) .
The fact that the classical pro-inflammatory cytokines TNF-a and IL-1b in general do not increase with exercise, whereas exercise provokes an increase in circulating levels of well-known antiinflammatory cytokines and cytokine inhibitors such as IL-1ra, IL-10 and sTNF-R (Ostrowski et al., 2000; Ostrowski et al., 1999) , suggests that exercise provokes an environment of anti-inflammatory cytokines. Importantly, we showed that rhIL-6 infusion as well as exercise inhibited the endotoxin-induced increase in circulating levels of TNF-a in healthy humans (Starkie et inflammatory effects of IL-6 are also demonstrated by the finding that IL-6 stimulates the production of the classical anti-inflammatory cytokines IL-1ra and IL-10 ( Steensberg et al., 2003) .
IL-6 in a clinical context
It appears that from a rather unexciting existence as a player in the textbook version of the inflammatory response, IL-6 has recently been taken to centre stage in the search for culprits underlying the inflammatory component of the metabolic syndrome (Krook, 2008) . The findings suggesting that IL-6 is yet another pro-inflammatory cytokine are in contrast to the numerous studies showing that IL-6 has a beneficial effect on muscle metabolism as reviewed here and elsewhere (Pedersen, 2007b; Glund and Krook, 2008; Pedersen and Febbraio, 2008; Pedersen, 2009b; Pedersen, 2009a) .
Chronically elevated IL-6 levels lead to inappropriate hyperinsulinaemia, reduced body mass and impaired insulinstimulated glucose uptake by the skeletal muscles (Franckhauser et al., 2008) . In contrast, IL-6 knockout mice develop obesity and insulin resistance, providing evidence against a causative effect of IL-6 in insulin resistance (Wallenius et al., 2002) . Numerous explanations for the two divergent opinions have been put forward, including differences in model systems, chronic versus pulsatile exposure, and in vitro versus in vivo effects (Glund and Krook, 2008; Pedersen and Febbraio, 2007) . Of note, in resting healthy humans, plasma IL-6 is normally about 1-2pgml -1 or less (Kolb and Mandrup-Poulsen, 2005) . Although exercise itself leads to an acute increase in IL-6 production and release by the working muscle, exercise training leads to reduced circulating IL-6 levels and, according to changes in levels of IL-6 receptor expression, to an increase in IL-6 sensitivity in skeletal muscle . In patients with type 2 diabetes and in elderly people Bruunsgaard et al., 2003a ) circulating levels of IL-6 are about 2-to 3-fold higher than those measured in young and adult healthy individuals. This represents a low but chronic IL-6 exposure, contrasting with the situation in exercise, where IL-6 levels increase acutely up 100-fold. As recently pointed out by Krook (Krook, 2008 ) the IL-6 levels achieved following electro-transfer by Franckhauser and colleagues (Franckhauser et al., 2008) were around 800pgml -1 , corresponding to many hundredfold higher than both normal and diabetic values, and about 5-fold higher than those seen following strenuous exercise. In fact, concentrations are equivalent to those noted in the context of severe infections.
Recently, White and colleagues (Sadagurski et al., 2010) overexpressed human IL-6 in mice and reported increased insulin sensitivity and prevention of diet-induced obesity. IL-6 transgenic mice fed a high-fat diet were more insulin sensitive and glucose tolerant with reduced body and fat mass, leptin levels and food intake (Sadagurski et al., 2010) . Patients with Castleman's disease responded well to IL-6 blocking treatment (Nishimoto et al., 2005) ; however, patients treated with the IL-6 receptor blocker also displayed an increase in body mass of approximately 4kg (7%) and marked hypertriglyceridaemia during the treatment period, suggesting the existence of a link between blockage of IL-6 signalling and impaired metabolic homeostasis in humans. In addition, changes in lipid profiles were also seen in patients with rheumatoid arthritis receiving IL-6 blocking treatment (Nishimoto et al., 2004; Maini et al., 2006; Smolen et al., 2008) .
Although high circulating systemic levels of IL-6 appear to exert pro-inflammatory effects, it is also clear that blocking IL-6 signalling leads to mass gain and enhanced blood lipid levels. Although the effects of IL-6 are highly dependent upon the tissue and although both dose and time appear to be determining factors for the biological role of exercise, the role of IL-6 in contracting muscle is, as a matter of fact, very clear.
IL6 -summary
In summary, IL-6 is produced and released in response to muscle contractions (Fig.4) . Muscle fibres express the myokine IL-6, which subsequently exerts its effects both locally within the muscle (e.g. through activation of AMPK) and -when released into the circulation -peripherally in several organs in a hormone-like fashion. Specifically in skeletal muscle, IL-6 acts in an autocrine or paracrine manner to signal through a gp130Rb/IL-6Ra homodimer, resulting in the activation of AMPK and/or phosphatidylinositol 3-kinase (PI3-kinase) to increase glucose uptake and fat oxidation. Furthermore, IL-6 is also known to increase hepatic glucose production during exercise or lipolysis in adipose tissue .
Other myokines IL-15 -a role in muscle-fat cross-talk?
IL-15 is expressed in human skeletal muscle . It possesses anabolic effects on skeletal muscle in vitro and in vivo and may also take part in reducing adipose tissue mass . Therefore, IL-15 has been suggested to be involved in muscle-fat crosstalk. Recently, we demonstrated that IL-15 mRNA levels were upregulated in human skeletal muscle following a bout of strength training , suggesting that IL-15 may accumulate within the muscle as a consequence of regular training.
We further demonstrated a negative association in humans between plasma IL-15 concentration and trunk fat mass, but not limb fat mass. In support of this finding, we demonstrated a decrease in visceral fat mass, but not subcutaneous fat mass, when IL-15 was overexpressed in murine muscle (Nielsen et al., 2008) .
Quinn and colleagues found that elevated circulating levels of IL-15 in mice resulted in significant reductions in body fat and Fig.4 . Biological role of contraction-induced IL-6. Skeletal muscle expresses and releases myokines into the circulation. In response to muscle contractions, both type I and type II muscle fibres express the myokine IL-6, which subsequently exerts its effects both locally within the muscle (e.g. through activation of AMP-activated protein kinase, AMPK) and -when released into the circulation -peripherally in several organs in a hormone-like fashion. Figure reproduced in modified form, with permission .
increased bone mineral content, without appreciably affecting lean body mass or levels of other cytokines (Quinn et al., 2009 ). Although this model represents an artificial system, the findings lend some support to the idea that IL-15 secretion from muscle tissue may modulate visceral fat mass specifically via an endocrine mechanism.
IL-8 -a role in exercise-induced angiogenesis?
IL-8 is a known chemokine that attracts primarily neutrophils. In addition to its chemokine properties, IL-8 acts as an angiogenic factor. The plasma concentration of IL-8 increases in response to exhaustive exercise such as running, which involves eccentric muscle contractions, whereas we found no increase in plasma IL-8 in relation to concentric exercise (Pedersen and Febbraio, 2008) .
However, when measuring the arterio-venous concentration difference across a concentrically exercising limb we detected a small and transient net release of IL-8, which did not result in an increase in the systemic IL-8 plasma concentration (Akerstrom et al., 2005) . The fact that high local IL-8 expression occurs in contracting muscle with only a small and transient net release may indicate that muscle-derived IL-8 acts locally and exerts its effect in an autocrine or paracrine fashion (Akerstrom et al., 2005) . It is not likely that muscle-derived IL-8 would work as a chemoattractant of neutrophils and macrophages when, in fact, in concentric exercise there is little or no accumulation of neutrophils or macrophages in skeletal muscle. However, a more likely function of muscle-derived IL-8 is to stimulate angiogenesis. It induces its chemotactic effects via the chemokine receptor CXCR1, whereas CXCR2, which is expressed by human microvascular endothelial cells, is the receptor responsible for IL-8-induced angiogenesis (Bek et al., 2002; Koch et al., 1992; Norrby, 1996) . The expression of the IL-8 receptor CXCR2 is enhanced in human skeletal muscle biopsies after concentric exercise and the increase in CXCR2 protein is seen not only in the muscle fibres but also to a larger extent in the vascular endothelium, suggesting that it may play a role in angiogenesis (Frydelund-Larsen et al., 2007) . IL-8 signalling promotes angiogenic responses in endothelial cells, increases proliferation and survival of endothelial and cancer cells, and potentiates the migration of cancer cells, endothelial cells and infiltrating neutrophils at the tumour site. Accordingly, IL-8 expression correlates with the angiogenesis, tumourigenicity and metastasis of tumours in numerous xenograft and orthotopic in vivo models (Waugh and Wilson, 2008 ).
Brain-derived neurotrophic factor -a role in neurobiology and metabolism
Neurotrophins are a family of structurally related growth factors, including brain-derived neurotrophic factor (BDNF), which exert many of their effects on neurons primarily through Trk receptor tyrosine kinases. Of these, BDNF and its receptor TrkB are most widely and abundantly expressed in the brain (Huang and Reichardt, 2001) . However, recent studies show that BDNF is also expressed in non-neurogenic tissues, including skeletal muscle (Matthews et al., 2009) . BDNF has been shown to regulate neuronal development and to modulate synaptic plasticity (Hofer and Barde, 1988) . BDNF plays a key role in regulating survival, growth and maintenance of neurons (Mattson et al., 2004) , and BDNF has a bearing on learning and memory (Tyler et al., 2002) . However, BDNF has also been identified as a key component of the hypothalamic pathway that controls body mass and energy homeostasis (Wisse and Schwartz, 2003) . Most recently, we have shown that BDNF appears to be a major player not only in central metabolic pathways but also as a regulator of metabolism in skeletal muscle (Matthews et al., 2009 ). Hippocampal samples from Alzheimer's disease donors show decreased BDNF expression (Connor et al., 1997) and individuals with Alzheimer's disease have low plasma levels of BDNF (Laske et al., 2005) . Also, patients with major depression have lower levels of serum BDNF than normal control subjects (Karege et al., 2002) . Other studies suggest that plasma BDNF is a biomarker of impaired memory and general cognitive function in ageing women (Komulainen et al., 2008 ) and a low circulating BDNF level was recently shown to be an independent and robust biomarker of mortality risk in old women ). Interestingly, low levels of circulating BDNF are also found in obese individuals and those with type 2 diabetes (Krabbe et al., 2007) . In addition, we have demonstrated that there is a cerebral output of BDNF and that this is inhibited during hyperglycaemic clamp conditions in humans. This last finding may explain the concomitant finding of low circulating levels of BDNF in individuals with type 2 diabetes, and the association between low plasma BDNF and the severity of insulin resistance (Krabbe et al., 2007) .
BDNF appears to play a role in both neurobiology and metabolism. Studies have demonstrated that physical exercise may increase circulating BDNF levels in humans (Matthews et al., 1985) . To identify whether the brain is a source of BDNF during exercise, eight volunteers rowed for 4h while simultaneous blood samples were obtained from the radial artery and the internal jugular vein. To further identify the putative cerebral region(s) responsible for BDNF release, mouse brains were dissected and analysed for BDNF mRNA expression following treadmill exercise. In humans, a BDNF release from the brain was observed at rest and increased 2-to 3-fold during exercise. Both at rest and during exercise, the brain contributed 70-80% of the circulating BDNF, while this contribution decreased following 1h of recovery. In mice, exercise induced a 3-to 5-fold increase in BDNF mRNA expression in the hippocampus and cortex, peaking 2h after the termination of exercise. These results suggest that the brain is a major but not the sole contributor to circulating BDNF. Moreover, the importance of the cortex and hippocampus as sources of plasma BDNF becomes even more prominent in the response to exercise (Rasmussen et al., 2009) .
We further studied whether skeletal muscle would produce BDNF in response to exercise (Matthews et al., 2009) and found that BDNF mRNA and protein expression were increased in human skeletal muscle after exercise. However muscle-derived BDNF appeared not to be released into the circulation. BDNF mRNA and protein expression were increased in muscle cells that were electrically stimulated. Interestingly, BDNF increased phosphorylation of AMPK and acetyl-CoA carboxylase (ACC) and enhanced fat oxidation both in vitro and ex vivo.
Taken together, these data demonstrate that BDNF is a protein, produced in skeletal muscle cells, that is increased by contraction to enhance fat oxidation in an AMPK-dependent fashion, most probably by acting in an autocrine and/or paracrine manner within skeletal muscle. Hence, BDNF has been identified as a novel contraction-induced protein that may contribute to the multiple health benefits associated with exercise, possibly by enhancing fat oxidation in skeletal muscle. By demonstrating that BDNF is expressed in muscle and has an impact on fat oxidation, we add a new dimension to the pleiotrophic nature of BDNF, which can now be identified as playing a role in neurobiology as well as in both central and peripheral metabolism. Muscles and their myokines Fibroblast growth factor-21 -an insulin-stimulated myokine
The so-called myomouse developed by Walsh (Walsh, 2009 ) has contributed to the identification of other new myokines. Substantial increases in muscle fibre hypertrophy, mass and strength occur upon induction of Akt signalling in murine skeletal muscle. The increase in muscle mass caused by myogenic Akt induction results in diminished fat deposition and improvements in whole-body metabolism. Based on these findings Walsh has devised a protocol to identify novel muscle-secreted proteins (myokines) that confer the phenotypic changes brought on by myogenic Akt induction. One of these newly discovered factors, referred to as follistatin-like 1, functions to promote endothelial cell function and stimulates revascularisation in response to ischaemic insult through its ability to activate Akt-eNOS signalling . Using the myomouse model, Walsh and co-workers have further identified that fibroblast growth factor-21 (FGF21) is produced by skeletal muscle . FGF21 is known to be a hormone that is induced in liver by fasting. A recent study has demonstrated that FGF21 induces hepatic expression of peroxisome proliferatoractivated receptor- coactivator protein-1a (PGC-1a), a key transcriptional regulator of energy homeostasis, and causes corresponding increases in fatty acid oxidation, tricarboxylic acid cycle flux and gluconeogenesis without increasing glycogenolysis. Mice lacking FGF21 fail to fully induce PGC-1a expression in response to a prolonged fast and have impaired gluconeogenesis and ketogenesis (Potthoff et al., 2009) . These results reveal an unexpected relationship between FGF21 and PGC-1. However, the precise biological function of muscle-derived FGF21 is not known.
We studied muscular FGF21 expression and plasma FGF21 after acute insulin stimulation in young healthy men during a hyperinsulinaemic-euglycaemic clamp (Hojman et al., 2009 ). Furthermore, we investigated systemic levels and muscle FGF21 expression in humans with or without insulin resistance and chronically elevated insulin. FGF21 was barely detectable in young healthy men before insulin infusion, but after 3 or 4h of insulin infusion during a hyperinsulinaemic-euglycaemic clamp, muscular FGF21 expression increased significantly. Plasma FGF21 followed the same pattern. In individuals with chronically elevated insulin, muscular FGF21 expression was associated with hyperinsulinaemia in men, but not in women. In plasma, hyperinsulinaemia and fasting glucose were positively associated with plasma FGF21 while plasma FGF21 correlated negatively with high-density lipoprotein (HDL) cholesterol. Our findings so far suggest that FGF21 is expressed in human skeletal muscle in response to insulin stimulation, indicating that FGF21 is an insulin-regulated myokine (Hojman et al., 2009 ).
Other myokines -summary During recent years increased efforts have focused on elucidating the secretory function of the skeletal muscle. It appears that contracting muscle is capable of expressing and secreting various cyokines and peptides. So far, a handful of myokines has been identified. However, we recently published that skeletal muscle is capable of producing several hundred secreted proteins (Henningsen et al., 2010) .
Conclusion
The finding that muscles produce myokines creates a paradigm shift and reveals new scientific, technological and scholarly horizons. We are convinced that the characterisation of the biological effects of known and unknown peptides, constituting the muscle secretome, will dominate the coming decade. Moreover, we suggest that myokines may be involved in mediating some of the health effects of regular exercise, in particular chronic diseases associated with low-grade inflammation and impaired metabolism.
